Mutation is the ultimate source of genetic variation and evolution. Mutation accumulation (MA) experiments are an alternative approach to study de novo mutation events directly. We have constructed a resource of Spontaneous Mutation Accumulation Lines (SMAL; http://cefg.uestc.edu.cn/smal), which contains all the current publicly available MA lines identified by high-throughput sequencing. We have relocated and mapped the mutations based on the most recent genome annotations. A total of 5,608 single base mutations and 540 other mutations were obtained and are recorded in the current version of the SMAL database. The integrated data in SMAL provide detailed information that can be used in new theoretical analyses. We believe that the SMAL resource will help researchers better understand the processes of genetic variation and the incidence of disease.
Introduction
Mutation is the ultimate source of genetic variation and evolution. It arises from replication error, transposition, and DNA damage (Lynch 2010; Hodgkinson and Eyre-Walker 2011) . Mutation accumulation (MA) experiments offer an alternative approach to study de novo mutation events directly (Lynch 2010) . MA lines start with a progenitor strain and then spontaneous mutations are allowed to accumulate over many generations (Houle and Nuzhdin 2004; Hall et al. 2008; Long et al. 2013) . The mutation events are detected using high-throughput sequencing platforms (Denver et al. 2009; Ossowski et al. 2010; Lee et al. 2012) .
The study of mutation rate patterns across various organisms is important to understand the incidence of disease and the process of genetic variation. However, current understanding of spontaneous mutations is severely limited. Several factors are confirmed to influence mutation rates. Recent genomic analyses of MA lines in both prokaryotes and eukaryotes suggested that mutation events were more likely to accumulate in highly expressed genes (Park et al. 2012; Chen and Zhang 2013) . MA experiments in yeast provided evidence that spontaneous mutations are suppressed by nucleosome occupancy (Chen et al. 2012) . Furthermore, an analysis of Bacillus subtilis genomes found that head-on conflict accelerated gene mutation (Paul et al. 2013) .
Although hundreds of MA experiments have been performed, most of them are not focused on providing exact base mutations. With the rapid development of next-generation sequencing technology, MA experiments could identify mutation in an essentially unbiased manner. Details of base mutations from MA experiments could offer a tool to study mutation events directly. To provide a resource for the systematic study of spontaneous mutation, we built a resource of Spontaneous Mutation Accumulation Lines (SMAL, http:// cefg.uestc.edu.cn/smal, last accessed February 26, 2014). It aims to record all MA lines if their mutation positions have been detected by sequencing and mutation data are available.
Database Description

Data
The spontaneous MA experiments recorded in SMAL include those reported in eight eukaryotic genomes and four prokaryotic genomes (table 1) . We collected 22 experimental data sets form 15 studies, whose mutations had been sequenced using Illumina platforms or pyrosequencing technology. To accelerate MA, mismatch repair genes of the ancestral strain had been knocked out (KO) for two of 22 experiments (ECOL2001 of Escherichia coli and STYP2001 of Salmonella typhimurium), and genes required to prevent spontaneous C deamination had been KO in an MA experiment in Saccharomyces cerevisiae (SCER1002).
To facilitate researchers' use of the mutation data, we remapped the original single base-pair substitutions (BPSs) and other mutations to the most recent genome annotation. Sequences (FASTA) and annotations (GFF) of Arabidopsis thaliana, Caenorhabditis elegans, Chlamydomonas reinhardtii, C. briggsae, Drosophila melanogaster, Homo sapiens, Paramecium tetraurelia, and S. cerevisiae were extracted from The Arabidopsis Information Resource (http://www. arabidopsis.org/), WormBase (http://www.wormbase.org), Phytozome (http://www.phytozome.net), WormBase, Flybase (http://flybase.org/), UCSC Genome Bioinformatics (http://genome.ucsc.edu/), ParameciumDB (http://parame cium.cgm.cnrs-gif.fr/), and the Saccharomyces Genome Database (http://www.yeastgenome.org/), respectively. Annotations (PTT) and sequences (FASTA) of bacterial species were obtained from GenBank (http://www.ncbi.nlm. nih.gov/genbank/) (all URLs in this section were last accessed on February 26, 2014).
For eukaryotes, first we obtained the mutation segments directly from the publication, and/or generated k-mers (k = 6, 11, 21, 51) from the genome according to the reported position. Next, we remapped these segments and 51-mers into the newer version of the genome sequence to find the unique matches ( fig. 1 ). The majority of segments and 51-mers could be mapped accurately; we called these mutations "set A." Those that generated multiple hits we classified as "set B." Using the relative position of the 51-mers' match between the old and new genomes, the accurate mutation position could be mapped accurately in the new genome. For mutations without any hit, smaller k-mers were used for remapping. We repeated this process until all mutations were mapped accurately or the smallest k-mers (k = 6) were used. For prokaryotes, we used mutation bases/segments and original positions from the publication to locate the mutation positions in the newly released sequence because the old sequence was not available in GenBank. We found that the majority (99.5%) of locations were not changed in the new release. Because the old version sequences were still available in the eukaryotic genome databases, we have provided both the original and updated mutation locations in our SMAL database. However, for bacterial mutations, only updated locations are listed.
We updated the mutation position for most data sets, except for Ch. reinhardtii (CREI1002) and C. briggsae (CBRI1001 and CBRI1002). The genome sequence of these as used in publications is so different from the new version that we could scarcely position the mutations on the newer version. In other words, we might lose many mutations if we adopted the latest annotation. Therefore, we updated CREI1002 from release 4 to 4.3, but not to 5.3, and used the original release (WS212) for the two data sets CBRI1001 and CBRI1002. After completing the data collection and mapping, we obtained a total of 5,608 BPSs and 540 other mutations. Only one of the BPSs, in DMEL1002 of D. melanogaster, was not properly relocated for genomes contained in our database.
Implementation
The SMAL resource is a MySQL-based relational database managed with PHP scripts on a Linux server. The web interface is coded using PHP and HTML scripts. The SMAL Database Content and Use SMAL includes three modules, "Home," "Search," and "Statistics," as its core. How each core module can be used is described later.
Home
This module has two sections, "Introduction" and "Content."
The Introduction section was included to help users understand the SMAL database. The Content section contains two tables: one that lists the 16 eukaryotic data sets and another that lists the six prokaryotic data sets. Users can click on the "Data set" ID listed to obtain a summary of the mutation experiments and details of the BPSs/other mutations. In the experiments summary table, the methods used for identification of the mutations are described. This information helps users better understand the mutation data, which will help them choose the most appropriate data set for their study. For each single base mutation, its location (original and updated), base type, and context (nonsynonymous, synonymous, intergenic, intron [IR] , and untranslated region [UTR] ) are listed in a table. When the mutation is in a protein-coding region of a gene, the gene name, synonym code, and protein product are also listed. In addition, when the mutation is nonsynonymous, the amino acid mutation that it causes is shown. For each other mutation, its location (original and updated) and context (inversion, indel, or complex mutation) are listed in a table. The mutations in these tables, by default, are ordered by ID of MA line; however, users can click on the other column headings to reorder the tables.
Search
This module allows users to search for base-pair mutations by gene name or synonym code, or to search for BPSs by organism, mutation context, and/or base mutation type. Alternatively, the user can search for other mutations (inversion, indel, or complex mutation) by organism.
Statistics
This module provides information about the SMAL resource based on several statistical analyses that we performed. The information is presented in two tables and two figures and is described in detail in the next section.
Database Applications
The aim of constructing this new database was to provide useful information for studies on mutations. We briefly analyzed the data in SMAL as follows. All the MA experiments in SMAL began with a progenitor strain. Then, spontaneous mutations were allowed to accumulate over many generations. The mutation events were detected using high-throughput sequencing platforms. We found that the single base mutation rate per nucleotide site per generation (table 2) among the multicellular organisms was similar: &e À9 for the whole genome (A. thaliana [Ossowski et al. 2010] , C. elegans [Denver et al. 2009 [Denver et al. , 2012 , C. briggsae [Denver et al. 2012] , and D. melanogaster [Keightley et al. 2009; Schrider et al. 2013] ) and &e À8 for chromosome Y of H. sapiens (Xue et al. 2009 )/ mitochondrial (mt) DNA of D. melanogaster (Haag-Liautard et al. 2008) . Because of male mutation bias, the Y chromosome evolves at a higher mutation rate than do autosomes and the X chromosome (Hurst and Ellegren 1998; Taylor et al. 2006) . mtDNA shows an elevated mutation rate compared with autosomes, which is likely because of less efficient DNA repair and a more mutagenic local environment (Birky 2001; Xu et al. 2012) . Because of the longer life cycles for multicellular organisms, their mutation rates are much higher than those among the unicellular organisms Ch. reinhardtii (Ness et al. 2012; Sung, Ackerman, et al. 2012) , P. tetraurelia (Sung, Tucker, et al. 2012) , S. cerevisiae ), E. coli (Lee et al. 2012 ). However, the mutation rates can be accelerated in bacterial genomes when the repair pathway is lost or partly lost (&e
À8
). According to the neutral mutation/random drift hypothesis, base substitutions are usually neutral and have no effect on fitness. We analyzed the impact of fitness on mutations in coding regions versus noncoding regions and nonsynonymous versus synonymous mutations. For BPSs in coding regions versus noncoding regions (table 3), no bias was found (Student's t-test, P = 0.522). The normalized ratios of nonsynonymous to synonymous (K a /K s ) mutated codons were calculated by YN00 of PMAL (Yang 2007) (table 3) . We used the K a /K s value to reflect pressure of selection. The K a /K s values of CREI1002 and HSAP1001 are not given because their K s = 0. Our results suggested that most mutations in chromosomes are indeed nearly neutral (K a /K s & 1) or purifying (K a /K s < 1). Only codon mutations for CREI1001 (K a /K s = 3.1), STYP2002 (3.7), MTUB2001 (1.8), and MFLO2001 (1.5) had higher K a /K s values. The three former data sets had very few mutations in codons (6, 14, and 14, respectively), whereas MFLO2001 had 146 BPSs in codons. The rather high K a /K s values in the three former data sets could be because of chance; alternatively, all four could be exhibiting the effect of positive selection or reduced purifying selection. mtDNA genes were more likely to be evolving under the effect of positive selection in animal species (Meiklejohn et al. 2007; Neiman et al. 2010; Shen et al. 2010) , which is highly consistent with our results for fly mtDNA mutations (DMEL1002, K a /K s = 1.3).
Mutation is not an entirely stochastic process. By comparing genomes, the mutation process in bacteria was found to act through a GC-to-AT (strong hydrogen bond to weak hydrogen bond) bias on natural selection (Hershberg and Petrov 2010) . We analyzed the percentage of weak-to-strong bias and strong-to-weak bias, and found that a strong-to-weak change was much more frequent in the non-KO MA lines for most eukaryotes ( fig. 2A) and prokaryotes (fig. 2B ). There were two outliers, HSAP1001 (4 BPSs) and STYP2002 (15 BPSs), which may be a statistical artifact, or be because of strong GC-biased gene conversion that favors the fixation of G/C alleles over A/T alleles (Pollard et al. 2006; Berglund et al. 2009; Capra et al. 2013) . In one yeast data set (SCER1002), the gene required to prevent spontaneous C deamination had been deleted. For this data set, we also obtained a very high percentage of strong-to-weak changes ( fig. 2C) . However, the loss of mismatch repair pathways may change this mutation bias (Hershberg and Petrov 2010) . We found in an E. coli data set (ECOL2001) that the weak-to-strong bias was extreme, and conversely, in an Sal. typhimurium data set (STYP2001), the strong-to-weak bias was extreme ( fig. 2C ). It is possible that the strong-to-weak bias acts universally on all organisms, rather than especially on bacterial species.
In recent studies, which used RNA-seq data as a measure of transcript abundance, it was suggested that spontaneous mutation rates in E. coli and S. cerevisiae were higher in more highly expressed genes (Park et al. 2012; Chen and Zhang 2013) , although protein sequences of highly expressed genes are more highly conserved than others (Rocha and Danchin 2004; Wei et al. 2013) . We obtained fly RNA-seq data from FlyBase (http://flybase.org/static_pages/feature/ previous/articles/2013_05/rna-seq_bulk.html, last accessed February 26, 2014). Expression levels were estimated by 
U/GW 7.00eÀ10 Mean ± SD = 1.45eÀ09 ± 3.37eÀ09
STYP2001
U/GW/KO 2.00eÀ08 ECOL2001 U/GW/KO 2.75eÀ08 Mean ± SD = 2.38eÀ08 ± 5.30eÀ09 average RPKM values (reads per kilobase per million mapped reads). Here, we used the DMEL1003 data set to investigate the impact of eukaryotic expression levels on mutations, given that it contains the most mutations among the eukaryotic data. Mutations might still be subject to selection. Therefore, only IRs and UTRs were used (395 BPSs), whereas coding regions were filtered (Park et al. 2012) . Transcript abundance at a mutation site was measured by the RPKM value of the gene covering the site. We performed Monte Carlo simulations with 10,000 replications. Random expectation was estimated by picking 10,000 sets of 395 random IR and UTR nucleotide sites from the genome of D. melanogaster. We identified the genes covering these random nucleotide sites and then assigned the expression levels estimated from RNA-Seq data of these genes as the transcript abundance of the random sites. We assessed the mean transcript abundance of 395 random sites for each replication and found that real mutations indeed tended to be highly expressed compared with random sites, but the difference was not significant ( fig. 3A ; randomization test, P = 0.055).
Mismatch fixes are independent of expression events, but the loss of a repair pathway can generate more spontaneous mutations. Therefore, we used the KO data sets (ECOL2001 and STYP2001) to assess the expression level effect on prokaryotic gene mutation. Similar to that in the fly, 10,000 Monte Carlo replications were used to generate random mutation. In particular, for each replication, we required not only that the number of random sites be equal to those in the et al. 2013) . After the simulations, we found only 413 of 10,000 random mutations had higher mean expression levels than the observed mutations in E. coli ( fig. 3B ). The expression level of observed mutations for Sal. typhimurium was still higher than that at most of the random sites, but the difference was not significant ( fig. 3C ; randomization test, P = 0.236). Compared with other genes, highly expressed genes are more frequently exposed in a single-stranded status so they have more opportunity to mutate. Conversely, the average transcript abundance of STYP2001 (RPKM = 298) was not as high as that of ECOL2001 (RPKM = 324) based on RNA-seq data, and hence there may be less possibility of genes in a single-stranded status, resulting in fewer mutations. Therefore, the mutation frequency distinction between highly expressed genes and other genes is lower in Sal. typhimurium than in E. coli. Our results support that highly expressed genes tend to mutate more frequently than do less highly expressed genes.
Conclusions
In this work, we constructed our SMAL resource, which now contains all current publicly available MA lines detected by sequencing. To help users, we remapped the original mutations to the most recent annotations. After completing the data collection and mapping, we obtained a total of 5,608 BPSs and 540 other mutations. Only one BPS could not be properly relocated in the new version of the genome. Our database provides details of these mutations. The integrated data in SMAL could help provide useful evidence to support new theoretical analyses on mutations. We believe that our database will contribute to a better understanding of the process of genetic variation and the incidence of diseases including cancer.
Future Directions
We will maintain the web resource in a long term. As the number of sequenced MA lines increases, we will regularly update SMAL to cover more experiments and species, and integrate more information about each SMAL data set. 
